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DIFFERENT ÑAMES FOR PROTEINS OF A SINGLE FAMILY 
Almost half a century ago, a crys ta l l ine protein material was 
ob ta ined from lipid e x t r a c t s of wheat endosperm and des ignated 
"purothionin" (Trvpwo, wheat; 9 e i w v , sulphur) on account of its high 
sulphur conten t (Balls e t a l . , 1942a,b). This mate r ia l , which was 
thought to be the oxidized form of a powerful oxidation-reduction 
sy s t em, was found to have bae te r i c ida l and fungicidal p rope r t i e s 
(Stuart and Harris, 1942), to inhibit fermentation of wheat mashes 
(Balls and Har r i s , 1944), and to be toxic to labora tory animáis 
(Coulson et al., 1942). 
The toxic properties of mistletoes, which were responsible for a 
famous d e a t h in Nordic mythology, can be ascribed to di f ferent 
components, including the toxic lectin viscumin (Olsnes et al., 1982) 
and a mixture of small basic proteins, which were first isolated by 
Winterfeld and Bijl (1949) and designated "viscotoxin". The visco-
toxins produce hypotens ion and o the r e f f ee t s at suble thal doses 
(Samuelsson, 1974). 
In the course of a compos i t iona l s tudy on the seeds of the 
Abyssinian cabbage (Crambe abyssinica), a high-sulphur crystall ine 
protein was obtained from the aqueous acetone extracts and designated 
"crambin" (Van Etten et al., 1965). 
As a mino acid sequence data for several purothionin-like proteins, 
as well as for different viscotoxins and crambin variants, have been 
obtained, it has beeome evident, as will be discussed later, that all 
these variously-named proteins are indeed unequivocally members of a 
s ing le p r o t e i n f a m i l y . We propose the g e n e r a l des igna t ion of 
" t h i o n i n s " for a l l t h e s e p r o t e i n s , in r e i t e r a t i o n of p r ev ious 
initiatives (Hernández-Lucas et al., 1978; Vernon et al., 1985). 
The thionins have beeome the subject of intensive s t ruc tura l 
s t ud i e s , both in c r y s t a l l i n e form and in solut ion, as they are 
excellent model systems in the development and refinement of novel 
methods for the elucidation of the three-dimensional s tructure of 
macromolecules. The application of recombinant DNA and other tech-
niques to the study of this protein family has led to recent advances 
in our knowledge of different aspeets of its molecular biology, such 
as synthesis and deposition, genetic control and gene structure, in 
vitro activit ies and possible metabolic role(s), e t c . In this review, 
we will summarize all these research topics concerning thionins. 
DISTRIBUTION, VARIATION AND EVOLUTION 
Work on the c h a r a c t e r i z a t i o n of purothionin, the c rys ta l l ine 
protein obtained by Balls and eo-workers, was discontinued for about 
25 years, until it was shown that the material from hexaploid wheat 
was heterogenous, yielding two closely-migrating bands in e lec t ro-
phoresis (Nimmo et al., 1968; Fisher et al., 1968; García-Olmedo et 
a l . , 1968). In hexaploid and te t rap lo id wheat cul t ivars , the two 
electrophoretie components were consistently present, but the overall 
yield of purothionin in the lipid extracts was consistently higher in 
the hexaploid Triticum aestivum than in the tetraploid T. tuvgidum 
(García-Olmedo et al., 1968). In a survey of 22 diploid, tetraploid 
and hexaploid species of the Aegilops-Triticum group, the presence of 
thionins was demonstrated in the endosperms of all of them, and their 
e lec t rophoret ie mobilities in diploid and tetraploid species sugges-
ted that at least one variant per diploid genome complement should be 
present in hexaploid wheat (Carbonero and García-Olmedo, 1969). 
Comparison of the amino acid compositions of the purified variants 
from diploid, tetraploid and hexaploid wheats, as well as a genetic 
analysis, confirmed the existence of three different thionins in the 
endosperm of hexaploid wheat (Fernandez de Caleya et al., 1976). The 
exact nature of these variants was corroborated by the determination 
of the amino acid sequences (Ohtani et al., 1975, 1977; Mak and 
Jones, 1976; Jones and Mak, 1977, 1983; Jones et al., 1982). 
At least two thionin components, designated a and P-hordothionin, 
were found in the endosperm of bar ley (Hordeum vulgaré) by Redman and 
Fisher (1969). The amino acid sequence of the a-variant reported by 
Ozaki et al. (1980) differed from that proposed by Mak (1975) at 
three positions and had been thought to be in error by Lecomte et al. 
(1982b). However, the nucleotide sequences of the corresponding cDNA 
and genomic DNA clones (Ponz et al., 1986; Rodriguez-Palenzuela et 
al . , 1988) fully support the sequence of Ozaki et al. (1980). The 
sequence determined for the P-variant by Mak (1975) also differs at 
four positions (three of which were also discrepant in the a-variant) 
from that deduced from the nucleotide sequences of two independent 
cDNA clones (Hernández-Lucas et al., 1986). 
Two thionin variants from oat endosperm (Avena sativa) have been 
sequenced by Bekes and Lasztity (1981). A protein with the size, 
a mino acid composition and lipid-binding properties of a thionin has 
been reported by Hernández-Lucas et al. (1978) in rye endosperm 
(Sécale cereale), but i ts sequence has not been de te rmined . A 
thionin-like protein from corn grains (Zea mays) was thought not to 
be structurally homologous to the thionins (Jones and Cooper, 1980). 
The viscotoxin described in the leaves and stems of European 
mistletoe (Viscum álbum, Loranthaceae) by Winterfeld and Bijl (1949) 
was found to be a mixture of closely related components, when 
research on the subject was resumed by Samuelsson and co-workers 
(Samuelsson, 1961, 1966, 1974; Samuelsson et al., 1968; Samuelsson 
and Pettersson, 1970, 1971a,b; Samuelsson and Jayawardene, 1974). 
Similar toxins, such as phoratoxins A and B from Phoradendron 
tomentosum (Mellstrand, 1974; Mellstrand and Samuelsson, 1973, 1974; 
Thurnberg, 1983), denclatoxin B from Dendrophtora clavata (Samuelsson 
and P e t t e r s s o n , 1977) and l iga toxin A from Phoradendron liga 
(Thurnberg and Samuelsson, 1982), were also characterized within the 
Loran thaceae . More recen t ly , addi t ional leaf thionins have been 
i d e n t i f i e d in Pyrularia púbera, a p a r a s i t i c p l an t from t h e 
Santalaceae (Vernon et al., 1985), and in barley (Bóhlmann and Apel, 
1987; Gausing, 1987). 
The crambin reported by Van Etten et al. (1965) was found to be a 
mixture of two variants, whose primary structures were homologous to 
the thionins and the viscotoxins (Teeter et al., 1981; Vermeulen et 
al., 1987). 
Thionin-like proteins have been reported to be present in tomato, 
mango, papaya, and walnut (Daley and Theriot, 1987), but their 
possible homology to the thionins has not yet been investigated. 
The amino acid sequences currently available from direct protein 
sequencing, or deduced from the nucleotide sequences of the corres-
ponding cloned DNAs, have been aligned as shown in Figure 1, follow-
ing a recently described multiple-alignment computer programme (Feng 
and Dooli t t le , 1987). Two unrooted phylogenetic t rees have been 
deduced (Figure 2A,B), one following the c r i t e r i a of Feng and 
Doo l i t t l e (1987) and the o ther based on the p ro te in sequence 
parsimony method developed by J. Felstestein (Univ. of Washington, 
USA). Although they differ in minor details, both trees allow the 
same general conclusions. Barley leaf thionins are closer to a leaf 
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Figure 1. Alignment of currently available amino acid sequences of 
members of the thionins family. The múltiple alignment criteria of 
Feng and Doolittle (1987) nave been followed. Sources for the 
sequences are the foüowing: T. aestivum, wheat endosperm, Ohtani 
et al. (1975, 1977), Mak and Jones (1976), Jones and Mak (1977), 
and Jones et al. (1982). H. vulgare, barley endosperm, Ozaki et 
al. (1980), Ponz et al. (1986), and Hernández-Lucas et al. (1986). 
A. sat iva, oats endosperm, Bekes and Latztity (1981). Pyrularia 
púbera, leaves, Vernon et al. (1985). H. vulgare, leaves, Gausing 
(1987), and Bóhlmann and Apel (1987). Viseum álbum, mistletoe, 
Samuelsson (1961, 1966, 1974), Samuelsson et al. (1968), 
Samuelsson and Pettersson (1970), and Samuelsson and Jayarvardene 
(1974). Phoradendron tomentosum, Mellstrand (1974) and Mellstrand 
and Samuelsson (1973, 1974). Dendrophtora clavata, Samuelsson and 
Pettersson (1977). Phoradendron liga, Thurnberg and Samuelsson 
(1982). Crambe abyss in ica , Abyssinian cabbage, Teeter et al. 
(1981) and Vermeulen et al. (1987). Invariant positions are 
indicated with stars (*). The disulphide bridge indieated with 
discontinuous Une is not common to all sequences. 
thionin eharacterized in a dicot (Pyrularia púbera, Santalaceae) than 
to those present in the endosperm of cereals, including barley, which 
means t ha t t i ssue spec ia l i za t ion probably took place before the 
m o n o c o t / d i c o t e v o l u t i o n a r y d ivers i f i ca t ion . The P y r u l a r i a / b a r l e y 
group of leaf thionins occupies an intermediate position between the 
cereal endosperm group and that of the mistletoe toxins, although 
they are closer to the endosperm type, with which they share one 
ex t ra disulphide bridge (Figure 1). This is noteworthy because P. 
púbera (family Santalaceae) belongs to the order Santalales, to which 
family Loranthaceae also belongs, and is also a parasitic plant. The 
c rambins from the cotyledons of Crambe abyssiniea (Cruci ferae) , 
although quite distant , are closer to the viscotoxin group than to 
the other groups. 
STRUCTURAL STUDIES 
Thionins are part icularly suited as model systems for structural 
studies because they are easy to prepare and to crystallize in good 
yield, there are many genetic variants with known sequence available, 
they are small and rigidly folded by disulphide bridges, and they 
form highly ordered crystals. Thus, an X-ray diffraction method based 
on the anomalous scattering of sulphur was specifically developed to 
solve the structure of crambin (Hendrickson and Teeter, 1981). This 
protein was used to t e s t the u t i l i ty of molecular dynamics with 
in terpro ton distance res t ra in ts for s t ruc ture determination (Brünger 
et a l . , 1986; Clore et a l . , 1986a,b), and to show tha t s t ruc tures 
obtained for a protein in solution with NMR data can be used to solve 
the crystal structure of the same protein by molecular replacement 
(Brünger et al., 1987). 
The s e q u e n c e s a l igned in Figure 1 have e i t h e r six or e ight 
cysteines which form three or four disulphide bridges as indicated in 
Figure 1. Their positions were first determined by enzymatic degrad-
ation and sequencing methods (Samuelsson and Pettersson, 1971a; Hase 
et al . , 1978), and then confirmed in the course of the character-
izat ion of the three-dimensional s t ruc tures . The first s t ruc ture to 
be resolved was that of crambin, the thionin from the cotyledons of 
Abyssinian cabbage, whose c rys ta l s diffract X-rays strongly at a 
remarkable high angle (Teeter and Hendrickson, 1979). The structure 
was determined directly from the anomalous scattering of sulphur to a 
resolution of 1.5 A (Hendrickson and Teeter , 1981) and refined to 
0.945 A (Teeter, 1984). Crambin has the shape of the Greek capital 
le t te r gamma (I"), as represented in Figure 3. The stem of the T is an 
antiparal lel pair of hélices and the cross-arm consists of two ant i -
pa ra l l e l 3 - s t r ands , an i r regular s t rand and a classic 0- turn. The 
surface of crambin has an amphipathic eharac te r . The six charged 
groups (1 NH3~, 10 Arg, 17 Arg, 23 Glu, 43 Asp and 46 COO~), as well 
as several other hydrophilic side chains, are segregated from what 
otherwise is largely a hydrophobic molecular surface (Hendrickson and 
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Figure 2 (opposite). Phylogenetic trees. A) Based on the alignment 
in Figure 1, following Feng and Doolittle (1987). (-) indicates 
negative valué for that distance. B) According to the PROT PARS, 
protein sequenee parsimony method included in the program PHYLIP 
3.0 from Dr. J. Felstestein (Univ. of Washington, USA). 
Figure 3. Schematic drawing of the backbone of crambin. This 
representation of crambin was drawn by Jane S. Riehardson. Arrows 
depict 0-strands. The disulphides are drawn as "lightning flashes" 
(reproduced from Whitlow and Teeter, 1985). 
| 
Teeter, 1981). All but one of the charged groups are clustered on the 
face of the inner bend, whieh is highly stabilized by numerous salt 
br idges , hydrogen bonds and o ther c o n t a c t s , yielding a compact 
s t ructure that justifies the high rigidity observed in the structural 
studies of the protein in solution. 
Crambin in solution has been studied by a variety of methods, such 
as methyl XH-NMR in acetic acid at different temperatures (Lecomte et 
al., 1982a), aromatie ^-H-NMR in organic solvents (Lecomte and Llinas, 
1984a,b), circular dicroism of the protein incorporated into phospho-
lipid vesicles (Wallace et al., 1984), two-dimensional NMR (Lamerichs 
et al . , 1988), and Raman spectroscopy (Williams and Teeter, 1984). 
The globular structure of the protein in solution is very similar to 
that in the crystals , with only slight differences. Furthermore, the 
s t ructure is also similar at different pH (acetic acid or dimethyl-
formamide), as well as in vesicles and in 60% ethanol (Llinas et al., 
1980; De Marco et al . , 1981; Wallace et al . , 1984). The molecule 
seems to be quite rigid, as judged by hydrogen/deuterium exchange 
(Llinas et al., 1980; Lamerichs et al., 1988; Lecomte et al., 1987). 
Although X-ray diffraction studies on the crystalline structure of 
other members of the family is under way (Teeter and Whitlow, pers-
onal communicat ion) , most of the available s t ructura l information 
comes from studies carried out in solution. The best characterízed is 
the a-1 thionin from wheat endosperm (Clore et al., 1986b, 1987), 
whose structure closely resembles that of crambin. Although the a-1 
thionin is more highly charged than crambin, the hydrophobic residues 
are segregated (in the exter ior surfaces of the hélices) from the 
hydrohilic ones (external surface of the angle, inferior surface of 
t h e shor t arm and t h e ang le ) . S tud ie s c a r r i e d out wi th o t h e r 
endosperm thionins from wheat and barley (Lecomte et al., 1982b; 
Prendergas t e t a l . , 1984), as well as with the thionins from the 
m i s t l e t o e l e a v e s ( L e c o m t e e t a l . , 1987; C l o r e e t a l . , 1987), 
consistently indicate that all these proteins not only show primary 
s t r u c t u r e homology but also have very similar three-d imens ional 
structures. 
INTERACTION WITH LIPIDS 
Thionins were first detected in petroleum-ether extracts of wheat 
flour and were thought to be lipoproteins in which the protein moiety 
was associated with a lecithin-like lipoid (Balls et al., 1942a). The 
protein could be precipitated from the lipid extract as a hydrochlor-
ide that no longer resembled a lipoid and was soluble in water and 
aqueous alcohols. Other proteins, such as that designated as lipid-
binding-protein (Ponz et al. , 1984), are also present in the petrol-
eum-ether extract , and the characterization of the lipid components 
which interact with the thionin has been hindered by the lack of 
success in obtaining the lipid-thionin complexes free of other lipid-
protein associations that exist in the petroleum-ether extract (Balls 
et al., 1942a; Redman and Fisher, 1968; Hoseney et al., 1971; Fisher, 
1976). Lipid-thionin eomplexes were eonverted to a petroleum-ether-
insoluble, chloroform soluble form by precipi tat ion with acetone 
( F i s h e r , 1976; H e r n a n d e z - L u c a s e t a l . , 1977a ) . D i g a l a c t o s y l 
diglyceride (DGDG) was the only component of the acetone extract that 
was able to restore petroleum-ether solubility when added back to the 
c h l o r o f o r m - s o l u b l e form (Hernandez -Lucas et a l . , 1977a). The 
chloroform-soluble thionin preparation obtained by acetone precipit-
at ion contained phosphatidylethanolamine, phosphatidylcholine, and 
some unident i f ied polar l ipids, with only t r ace s of DGDG. The 
apoprotein was not soluble in chloroform by itself, so it was assumed 
tha t a t least some of these lipids were required for chloroform 
solubil i ty (Hernandez-Lucas et a l . , 1977a). When flour from the 
te t raploid wheat T. tuvgidum was extracted with petroleum ether 
s u p p l e m e n t e d with DGDG, the yield of thionin was inc reased 
s ignif icant ly (Figure 4), suggesting that the differences in yield 
between tetraploid and hexaploid wheats reported by García-Olmedo et 
a l . (1968) were probably due to interspecific differences in the 
levéis of DGDG (Hernandez-Lucas et al., 1977a). This was confirmed by 
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Figure 4. Yield of purothionins from T. durum cv. "Senatore 
Capelli": whole flour extracted with petroleum ether + DGDG (1); 
whole flour extracted with petroleum ether (2); purified a - and 
0-purothionins (3). The amount of DGDG added was that of an 
equivalent weight of T. aestivum flour. Densitometric scanning 
perpendicular to electrophoretic movement (reproduced from 
Hernandez-Lucas et al., 1977a). 
a genetic analysis which will be discussed later (Fernandez de Caleya 
et al. , 1976; Hernández-Lucas et al., 1977b; Carbonero et al., 1978). 
Pe t ro leum e the r t r e a t m e n t of rye flour had r epea ted ly fai led to 
e x t r a c t any thionin, but when the solvent was complemented with 
a c e t o n e - e x t r a c t e d whea t l ipids, a good yield of rye thionin was 
obtained (Hernández-Lucas et al . , 1978). The idea that DGDG was 
limiting the yield of thionin extracted with petroleum ether was also 
consistent with the fact that extraction with aqueous solvents, such 
as 0.05N H 2 S 0 4 or 1M NaCl, was more efficient than with the organic 
solvent (Fernandez de Caleya et al., 1976). 
GENETIC CONTROL 
The product ion of d i f ferent kinds of aneuploids, especially the 
d i t e lo somics and the c o m p e n s a t e d n u l l i - t e t r a s o m i c s of hexaploid 
wheat , T. aestivum cv. Chinese Spring, developed by Sears (1954, 
1966), has been extremely useful for the location of genes encoding 
d i f ferent types of pro te ins in wheat and re la ted species (Konzak, 
1977; García-Olmedo et al., 1982, 1984). Three genes (Pur-Al, Pur-Bl, 
and Pur-Dl), which respectively encoded the P, ot-1, and ot-2 thionin 
variants from wheat endosperm were identified in the long arms of 
ehromosomes 1A, IB, and ID, through the electrophoretic analysis of 
the appropriate aneuploids and the charac te r iza t ion of the isolated 
pro te ins (Fernandez de Caleya et al . , 1976). It was also observed 
that a gene (or genes) located in the short arm of chromosome 5D 
markedly a f fec ted the yield of thionins ex t rac tab le by pe t ro leum-
ether , but not tha t obtained with aqueous solvents . This suggested 
tha t a lipid factor (or factors), genetically controlled by the short 
arm of chromosome 5D, was responsible for solubility in petroleum 
e t h e r . Th i s f a c t o r was i d e n t i f i e d as d i g a l a c t o s y l d i g l y c e r i d e 
(Hernández-Lucas et al. , 1977a), which, as predicted, was present in 
the petroleum-ether extracted lipids at a much lower level when the 
short arm of chromosome 5D was missing (Hernández-Lucas et al., 
1977b; Carbonero et al., 1978). Since Pomeranz and co-workers had 
previously found t ha t bread volume was significantly decreased if 
" f ree" lipids were e x t r a c t e c from flour with petroleum ether and 
res tored to its init ial valué if the digalactosyl diglyceride present 
in the extracted lipids was added back to the flour (Pomeranz, 1971), 
it was concluded t h a t t he observed g e n e t i c d i f f e r ences in free 
galac to l ip id con ten t between tetraploid and hexaploid wheats were 
relevant in connection with the difference in baking quality between 
the two types of wheat . So far, this difference had been ascribed 
only to proteins contributed by the D genome (Hernández-Lucas et al., 
1977b) . It was f u r t h e r s u g g e s t e d t h a t t h i s c h a r a c t e r could be 
manipulated by breeding. These observations, which are illustrated in 
Figure 5, have been recently followed up and confirmed (Morrison et 
al., 1984, 1989). 
The gene encoding the endosperm thionin from rye has been located 
in the long arm of chromosome IR through the electrophoretic analysis 
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Figure 5. 
A) Crude thionin (mg/100 g of tissue) present in the lipids 
extraeted with petroleum ether from the endosperm of Triticum 
turgidum, tetraploid wheat cultiváis (4N) and from T. aestivum, 
hexaploid cultivars (6N), based in García-Olmedo et al. (1968). 
The observed differenee was ascribed to genes in the short arm of 
chromosome 5D by Fernandez de Caleya et al. (1976). 
B) Demonstration that gene(s) in the short arm of chromosome 5D 
determine the level of digalactosyl diglyceride (DGDG) in the 
"free" lipids of wheat endosperm foliowing the method of Hernández 
-Lucas et al. (1977b). DGDG is required for solubility of thionins 
in petroleum ether (Hernandez-Lueas et al., 1977a) and affeets 
baking quality (Pomeranz, 1971). Extracts corresponding to 10 mg 
or 5 mg (labelled 1/2) of tissue from the indicated genetic stocks 
were chromatographed and quantified densitometrically. Stocks are 
euploid (EU), ditelosomic 5AL (DT5AL, short arm of chromosome 5A 
missing), ditelosomic 5BL (DT5BL), ditelosomic 5DL (DT5DL); nulli 
5D tetra 5B (N5DT5B). The tetraploid versions (4N) of the hexa-
ploid cultivars Thatcher and Prelude have the D genome missing. 
of the Imperial-Chinese Spring rye-wheat disomic addition lines and 
other aneuploids (Sanchez-Monge et al., 1979). Genes corresponding to 
leaf thionins from bar ley have been found in chromosome 6 by Bohlman 
et al . (1988) using Southern blotting of genomic DNA from barley-
wheat addition lines obtained by Islam et al. (1975). The location of 
thionin loci in chromosomes of group 1 and 6, which also have in 
common nucleolar organizers and prolamin loci, suggests an evolu-
tionary link between the two chromosome groups. 
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Figure 6. Comparison of in vivo and in vitro producís selected 
with monospecific antibodies and displacement of these producís 
from the antigen-antibody complex by purified thionin. 
A) SDS-PAGE of alkylated producís: (1) in vitro precursor THP1 
Iabelled with [3BS]methionine; (2) ídem with [3BS]cysteine; (3) in 
vivo producís, THP2 and TH. 
B) PAGE-pH 3.2 of redueed, non-alkylated producís: (1) íoial in 
vivo exiracís; (2) in vivo producís, THP2 and TH; (3) in vitro 
precursor THP1; (4) as in lañe 2 plus 5 ug of unlabelled thionin; 
(5) as in lañe 3 plus 5 ug of unlabelled thionin. 
SYNTHESIS AND DEPOSITION 
Endosperm Thionins 
Thionin accumulation in developing barley endosperm, as judged 
from the intensity of stained electrophoretic bands and from pulse-
labell ing with [ 3 S S]S0 4 2 _ , appeared to s t a r t and to level off a t 
earl ier stages than the main reserve proteins (Ponz et al., 1983). 
This has been confirmed by a dot-blot hybridization analysis of the 
corresponding mRNA, which clearly showed a máximum concentration of 
messenger between 13 and 16 days after anthesis (Rodriguez-Palenzuela 
e t a l . , 1988). Synthesis of these proteins, which takes place in 
membrane-bound polysomes (Ponz et al., 1983), is therefore specific 
of the cell-proliferation phase of endosperm development and ceases 
during the ee l l -en la rgement phase. Using monospecific antibodies 
raised against the protein purified from mature endosperm, two types 
of precursors were identified by Ponz et al. (1983): one was detected 
as an in vitro translation product, but not in vivo, and the other 
was shown in the pulse-labelling experiments (Figure 6A,B). At least 
two processing steps, one co-translational and the other post-trans-
lational, were postulated on the basis of these observations. 
Preliminary fractionation studies carried out both with the dry 
mature endosperm (Carbonero et al., 1980) and with developing tissue 
(Ponz et al., 1983) indicated that the thionins were in the part ic-
ulate fraction in a labile association that could be disrupted by 
increasing the salt concentration or with non-ionic detergents. Under 
the condit ions used by Ponz et a l . (1983), the thionins roughly 
co-sedimented with cytochrome C reductase (NADPH, antimycin A-
resistant), a marker of the endoplasmic reticulum. However, we have 
now observed a closer association with tryglycerides under various 
homogeneisation and sedimentation conditions, which suggests their 
l o e a t i o n in the l ipid bodies (unpubl ished) , a m a t t e r which is 
currently under a more detailed examination. 
Leaf Thionins 
The mRNAs encoding leaf thionins, when translated in vitro, yield 
precursors that are similar to those described for the endosperm 
thionins (Gausing, 1987: Bóhlmann and Apel, 1987). The structure of 
these precursors , deduced from the nucleotide sequences of the 
corresponding cDNAs, is also the same as that of the endosperm 
thionins described by Ponz et al. (1986) and Hernández-Lucas et al. 
(1986). Although their possible processing in the leaves has not been 
investigated, it is likely that a similar pathway operates in these 
organs because not only the precursor structure is the same but also 
the amino aeid residues around the cleavage points have been well 
conserved. Messengers of leaf thionins are specifically abundant in 
young ethiolated leaves and decline rapidly upon illumination or with 
age (Gausing, 1987; Bóhlmann and Apel 1987). They are also t rans-
iently present in older leaves when ehallenged with fungal pathogens 
and with other environmental stresses (Bóhlmann et al., 1988). 
Using immuno-gold localization methods, Bóhlmann et al . (1988) 
have located thionins from barley leaves in the cell wall, which is 
in contrast with the observations concerning endosperm thionins. 
MOLECULAR CLONING 
As predicted from the work of Ponz et al. (1983), the nucleotide 
sequences of the cloned cDNAs corresponding to the ot and P thionins 
from barley endosperm were found to encode precursors that were much 
larger than the mature protein (Ponz et al., 1986; Hernández-Lucas et 
al., 1986). The deduced s t ructures of these precursors consisted of 
an N-terminal signal peptide, followed by the mature protein and a 
C-terminal acidic protein (Figure 7). In the course of a character-
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Figure 7. Struc ture of the thionin precursor (Ponz et al., 1986) 
and of the a-thionin gene f H t h - U from barley endosperm 
(Rodriguez-Palenzuela et al., 1988). 
Figure 8 (opposite). Nucleotide sequence and deduced a mino acid 
sequence of the Hth-1 gene (Rodriguez-Palenzuela et al., 1988). 
Short direct repeats are indicated by horizontal arrows and 
identified by letters (A-C). Inverted repeats (IR) are indicated 
by divergent horizontal arrows. TATA, CATC and AATAAA boxes are 
indicated. An enhancer-like sequence (ENH) and a repeated sequence 
(P-l/P-2), which is homologous to the coding sequence of some 
prolamins, are also boxed. The sequence of the posttranslation-
ally excised, C-terminal peptide is interrupted by two introns 
as indicated. The one-letter amino acid symbols have been aligned 
with the first base of each codon. 
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isation of cDNAs corresponding to abundant mRNAs present in etiolated 
barley leaves, Gausing (1987) and Bohlmann and Apel (1987) indepen-
d e n t l y i d e n t i f i e d n u c l e o t i d e s e q u e n e e s t h a t i nc luded s e g m e n t s 
encoding thionin va r ian t s closely resembling the leaf thionin from 
Pyrularia púbera (Vernon et al., 1985). The complete cDNAs encoded 
p r e c u r s o r s w i th t h e same s t r u c t u r e desc r ibed for those of the 
endosperm thionins (Ponz et al., 1986; Hernández-Lucas et al., 1986). 
The complete nucleotide sequence of the gene for the a-thionin 
from b a r l e y endosperm has been r e c e n t l y publ ished ( R o d r i g u e z -
Palenzuela et al., 1988). As shown in Figures 7 and 8, the gene has 
two introns, both of which interrupt the acidic protein sequence, so 
exons do not correspond to the structural domains of the precursor 
molecule (Figure 7). A preliminary report on the genomic clones of 
b a r l e y l ea f t h i o n i n s i n d i c a t e s t h a t t h e s e g e n e s have a l so two 
i n t r o n s , a l t h o u g h t he i r p r e c i s e l o c a t i o n has not been desc r ibed 
(Bohlmann et al . , 1988). Features of the promoter región from the 
a-thionin gene from barley endosperm are summarized in Figure 9. 
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Figure 9. Homologies of the 5'-flanking región of the Hth-1 gene 
with other genes (Rodriguez-Palenzuela et al., 1988). 
A) The sequence between nucleotides -282 and -256 has been aligned 
with the putative enhaneer sequenees appearing in similar 
positions in zein genes from maize, a eonsensus sequence derived 
from other prolamin genes, a eonsensus sequence from Rubisco genes 
and the eonsensus core sequence from the enhancers of SV40 virus 
B) The P-l and P-2 sequenees have been aligned with a eonsensus 
sequence eoding for the repetitive motive in the a/0-gliadin 
repetitive structural domain. 
C) A sequence from the B-hordein gene starting at position -508 
with respect to the first ATG codon has been aligned with the 
indicated thionin sequenees. 
BARLEY ENDOSPERM a pTHGl CAÁ GAC AGC CAÁ CCA GCC 
pTHl 
3 pTH2 
WHEAT ENDOSPERM a2 pTTl 
Met 
ATG GGC CTC AAG GGT GTG 
Gly Leu Lys Gly Val 
AG- -A-
Lys 
CCA GC-
BARLEY LEAVES PKG1348 
DB4/DC4 
CC- AC-
CC- AC-
GG- AG- -A-
Gly Ser Lys 
GTG TGT TTA 
Val Cys Ley 
-TG GC- A-C AA- -A- A-T A-T — 
Met 
-TG 
Met 
Ala Thr Asn Lys Ser H e 
GC C AG- -A- A-T A-T 
Ala Pro Ser Lys Ser l i e 
A-C 
Ser 
A 
Ser 
G-T A-T — G-T 
Val H e Val 
G-C A-T — G-T 
Val H e Val 
Figure 10. Translation start codon in the Hth-1 gene. The 
sequence around the putative first ATG eodon in the Hth-1 gene 
(pTHG) has been aligned with the corresponding regions of the ot-
and 0-thionin cDNAs from barley (Ponz et al., 1986; Hernández-
Lucas et al., 1986), the cDNA of a2-thionin from wheat (C. Maraña, 
unpublished), and the cDNAs of leaf thionins (pKG1348, Gausing, 
1987; DB4, DC4, Bóhlmann et al., 1987). Dashes indícate identity. 
Met codons are boxed. 
A comparison of the deduced amino acid sequenees of thionin signal 
peptides from wheat and barley endosperm and from barley leaves 
i nd i ca t e s cons iderab le var iab i l i ty around the t rans la t iona l s t a r t 
codon (Figure 10), which is in contrast with the high conservation of 
the res t of the signal pep t ide . Binary comparisons of available 
nucleotide sequenees, using the criteria of Li et al. (1985) for the 
es t imat ion of synonymous and non-synonymous substitution r a t e s , 
indícate that the core of the signal peptide is evolving at a lower 
rate than the sequenees corresponding to the mature and the acidic 
proteins (Figure 11). The extreme heterogenei ty around the s tar t 
codon might be re la ted to the apparent difference in subeellular 
location between the leaf and the endosperm thionins. 
Approximately two copies per haploid genome have been estimated 
for b a r l e y endosperm t h i o n i n s , using an ot-thionin probé t h a t 
cross-hybridizes with the P-thionin DNA (Rodriguez-Palenzuela et al., 
1988). The number of copies of the leaf thionin genes have been 
variously reported at nine to eleven (Gausing, 1987) or fifty to a 
hundred (Bóhlmann et al., 1988) per haploid genome. 
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Figure 11. Non-synonymous versus synonymous substitution rates 
dedueed from binary comparisons of available nucleotide sequences 
of barley endosperm and leaf cDNAs, and wheat endosperm cDNAs. 
Signal peptide, mature thionin, and acid C-terminal protein have 
been independently compared using the criteria of Li et al. (1985) 
BIOLOGICAL ACTIVITIES 
A variety of in vitro aetivities have been demonstrated for the 
thionins and, although sorae of these suggest possible in vivo roles, 
t h e i r r e a l b i o l o g i c a l f u n c t i o n r e m a i n s o b s c u r e . Bes ides t h e i r 
tox ic i ty to various organisms, which was the property tha t f irst 
a t t racted attention, other aetivities, such as alteration of membrane 
permeabi l i ty , inhibition of certain enzymes and of macromolecular 
synthes is , or pa r t i c ipa t ion in redox r eac t i o n s have been invest-
i g a t e d . The poss ib le s i g n i f i c a n c e of t h i o n i n s in c e r e a l - b a s e d 
industrial fermentations and in plant-pathogen interactions are among 
the praetical aspeets that merit special consideration. 
Toxicity 
The tox ic p r o p e r t i e s of endosperm thionins from wheat were 
investigated as soon as the crystalline material was first obtained. 
Gram-positive bacter ia and, to a lesser extent, Gram-negative ones 
were found to be sensitive, together with bakers yeast and some human 
pathogenic fungi, whereas the mycelial fungi tested were found to be 
insensi t ive (Stuart and Harr is , 1942). The an t imicrobia l action of 
t h e c r y s t a l l i n e p r o t e i n was r e v e r s e d by d i f f e r e n t phospha t ides 
(Woolley and K r a m p i t z , 1942). Af ter these in i t i a l f indings , the 
toxic i ty to bac te r i a (Fernandez de Caleya et al . , 1972), to yeast 
(Balls and Harris, 1944; Nose and Ichikawa, 1968; Okada et al., 1970; 
Okada and Yoshizumi, 1970, 1973; Hernández-Lucas et al., 1974), and 
to fungi (Bóhlmann e t a l . , 1988) has been fur ther demons t r a t ed . 
Toxicity of endosperm thionins to mice, guinea pigs and rabbits when 
the protein was injected intravenously or intraperitoneously, but not 
upon ora l admin i s t r a t i on , was also found (Coulson et a l . , 1942). 
Cytotoxic effects on cultured mammalian cells have been reported 
(Nakanishi et al., 1979; Carrasco et al., 1981; Vernon et al., 1985). 
I n s e c t l a r v a e w e r e s i m i l a r l y s e n s i t i v e to d i f f e r e n t endospe rm 
thionins when the proteins were administered through the hemocoel but 
not when incorporated in the food (Kramer et al., 1979). 
Toxicity of leaf thionins from the mist letoes to higher animáis 
has been repeatedly demonstrated. These proteins were all found to be 
toxic on parenteral administration to mice and cats (see Samuelsson, 
1974). In sub-lethal doses they produced hypotension, bradycardia and 
a n e g a t i v e i no t rop i e e f f ec t on t h e h e a r t musc le . I n t r a - a r t e r i a l 
adminis t ra t ion, in higher doses, produced vasoconstriction in a r t e r -
ies of skin and skeletal muscle (see Samuelsson, 1974). Cytotoxic 
effects on cultured mammalian cells have also been observed (Konopa 
et a l . , 1980; Carrasco et al . , 1981). In contras t , no toxic effect 
has been reported for the crambins present in the cotyledons from the 
Cruciferae. 
Toxicity of wheat endosperm thionins to mice and yeast was totally 
lost when all the a mino groups were chemieally modified and partially 
so when the only tyrosyl group was nitrated (Wada et al., 1982). 
Alteration of Membrane Permeability 
Leakage of intracellular mater ia l upon exposure to thionin from 
wheat endosperm was demonstrated in bacteria (Fernandez de Caleya, 
1973). A similar effect was described in yeast by Okada and Yoshizumi 
(1973), while investigating the mode of action of a toxic principie 
from wheat and barley that, only later, was shown to be a mixture of 
thionins (Ohtani et al . , 1975, 1977). They further showed that this 
f a c t o r not only indueed leakage of phosphoric acid, nuc leot ides , 
amino acids, and potassium ions, but also inhibited the incorporation 
of sugars . The toxic effect could be reversed by cer ta in divalent 
cations, such as Ca2*, Zn2*, or F e 2 - (Okada and Yoshizumi, 1973). 
A study of the effects of endosperm thionin variants and visco-
toxins on cultured mammalian eells indicated that at the mínimum 
cytotoxic concentra t ions , leakage of Rb* and of uridine occurred. 
Also, concentrations of thionins that had no detectable effects on 
the cultured cells, allowed inhibition of translation by antibiotics, 
such as hygromycin B, that are not able to eross the cell plasma 
membrane by themselves (Carrasco et al., 1981). As in the case of 
yeast, Ca2"1" and Mg2"1" could reverse the action of thionin. 
The observed effects on the contraction of smooth muscle from the 
uterus of the guinea pig (Coulson et al. , 1942) and of the flight 
muscle from insects (Kramer et al., 1979), or the increased sensit-
ivity to thionins of A31 cells infected with the Moloney strain of 
murine l eukaemia virus (Tahara et a l . , 1979), are al l probably 
related to interactions with the cell membrane. 
Inhibitory Properties 
Apart from a par t ia l inhibition of the milk-clott ing power of 
papain, possibly due to interference with essential SH-groups (Balls 
et al. , 1942), and the inhibition of ot-amylase, through competition 
for the Ca2"" ion (Jones and Meredith, 1982), no strong enzyme 
inhibition activity has been reported for the thionins. However, they 
are able to inhibit macromolecular synthesis. Nakanishi et al. (1979) 
r e p o r t e d t h a t th ionins could specif ical ly kill cel ls during DNA 
synthesis (S phase), but had little effect during the G0 phase, and 
Ishii and Imamoto (c i t ed by Ozaki et a l . , 1980) demons t r a t ed 
inhibition of lambda phage transcript ion in Escherichia coli. The 
effects of endosperm thionins and viscotoxins on the synthesis of 
DNA, RNA, and proteins in cultured mammalian cells have been 
investigated by Carrasco et al. (1981). Protein synthesis was more 
sensitive than RNA synthesis, which itself was more sensitive than 
DNA synthesis. There was a cióse parallel between Rb"1" leakage and 
inhibition of protein synthesis upon t r ea tmen t with the different 
genetic variants tested, which suggested that the inhibition could be 
a direct consequence of the induced leakiness. Eucaryotic cell-free 
translation systems, derived from wheat germ or from rabbit reticulo-
cytes, were inhibited by thionins, but at higher concentrations than 
in vivo (García-Olmedo et al., 1983). The inhibitory concentration 
varied linearly with the amount of exogenous mRNA added, which 
suggested a direct interaction of the toxin with the RNA (García-
Olmedo et a l . , 1983). This would be in line with the repor ted 
interaction between DNA and viscotoxins (Woynarowski and Konopa, 
1980). 
Possible Participation of Thionins in Thioredoxin-Related Reactions 
Thioredoxin, a hydrogen carr ier protein that functions in DNA 
synthesis and in the transformaron of sulphur metabolites, has been 
also found to serve as a regulatory protein in linking light to the 
aetivation of enzymes during photosynthesis (Buchanan et al., 1979). 
It has been shown that thionin from wheat endosperm can substitute 
for thioredoxin / from spinach chloroplasts in the d i th io thre i to l -
linked ae t iva t ion of chloroplast fructose-l ,6-bisphosphatase (Wada 
and Buchanan, 1981). Under the standard assay conditions, the thionin 
was only 2% as active as authentic thioredoxin /, a situation that 
could be improved by increasing the time of preincubation and the 
concentration of reductant. These results suggested that the thionin 
could be effectively reduced by thioredoxin / (Wada and Buchanan, 
1981). This led to a more recent set of experiments which makes more 
p l aus ib l e the in vivo p a r t i c i p a t i o n of th ionins in plant redox 
metabolism. Johnson et al. (1987) have reported a thioredoxin system, 
cons i s t ing of a homogeneous p r e p a r a t i o n of th ioredoxin h and 
part ial ly purified thioredoxin reducíase (NADPH), which effectively 
reduced thionin with NADPH as the hydrogen donor. The reduced 
thionin, in turn , was capable of ac t iva t ing f ructose- l ,6-bisphos-
p h a t a s e . These r e s u l t s sugges t a possible role of th ionins as 
secondary thiol messengers in the redox regulation of enzymes. 
Possible Implications of Thionins in Plant-Pathogen Interactions 
The hypothesis that thionins might play a role in the protection 
of plants from pathogens was put forward by Fernandez de Caleya et 
a l . (1972), who inves t iga t ed suscep t ib i l i t y to wheat endosperm 
thionins among phytopathogenic bacteria of the genera Pseudomonas, 
Xanthomonas, Agrobacterium, Evwinia and Corynebacterium. Minimal 
inhibitory concentrations (MIC) ranged from 1 to 540 ug/ml and the 
minimal bacter ic idal concentra t ions were usually twiee the MICs. 
Purified genetic variants had different activities and showed some 
degree of specificity. In the example presented in Table 1, P-thionin 
from wheat endosperm was more ac t ive than a- thionin against 
Pseudomonas solanacearum, whereas the opposite was true against 
Xanthomonas phaseoli. More recently, Bóhlmann et al . (1988) have 
shown t h a t both endosperm and leaf th ionins from barley a re 
inhibitory towards two fungi, Thievaliopsis paradoxa, a pathogen of 
s u g a r c a ñ e , and Drechslera teres, a pa thogen of b a r l e y , a t 
concentrat ions of 5 x 10~*M (2.5 mg/ml), a concentration that is 
three orders of magnitude higher than that required for the most 
sensitive bacteria. 
The above observations, the apparent cell-wall location of leaf 
thionins and the finding that upon inoculation with spores of the 
fungus Erysiphe graminis f. sp. hordei, which causes powdery mildew, 
ba r l ey p l a n t s r e sponded by a rapid and t r a n s i e n t i nc rease in 
t r ansc r ip t level for the leaf specif ic thionins (Bóhlmann et al . , 
1988), strongly suggest a role for thionins in plant protection. 
Table 1. Susceptibility of Pseudomonas solanacearum and Xanthomonas 
phaseoli to a and P thionins from wheat endosperm 
P. solanaceavum X. phaseoli 
Thionin MIC1 MBC3 MIC1 MBCZ 
a 3 6 6 12 
0 1.5 1.5 12 25 
xMinimum Inhib i to ry Coneentration (MIC) in yg per mi . 
zMinimum Bac te r i c ida l Coneentration (MBC) in yg per mi . 
Possible Interference with Industrial Fermentations 
As early as 1895, W. Jago (cited by Okada et al., 1970) reported 
that eertain strains of beer yeast showed a poor production of earbon 
dioxide in dough fermentation. In the early part of this eentury, a 
number of authors found that bottom-fermenting yeasts seemed to be 
more sensitive than top-fermenting ones, that the toxic substanee was 
present in the protein fraction of wheat and barley, and that the 
toxic i ty of wheat flour could be r eve r t ed by Ca 2 * . As already 
mentioned, the toxic i ty of thionins towards yeast was established 
from the s tar t (Stuart and Harris, 1942), together with their actual 
abi l i ty to inhibit fermentat ion of wheat mashes (Balls and Harris, 
1944). Yeast s t rains of Saccharomyees uvarum (syn. carlsbergensis) 
and S. cerevisiae, as well as wild Saccharomyees spp., all proved to 
be about equally sensitive to purified thionins (Hernandez-Lucas et 
a l . , 1974). In an independent search , Japanese workers (Nose and 
Ichikawa, 1968; Okada et al., 1970; Okada and Yoshizumi, 1970, 1973) 
undertook to purify and characterize in wheat and barley the subst-
ance(s ) r e spons ib le for t h e i r t ox i c i t y t owards y e a s t . This tox ic 
principie was eventually found to be identical with thionin (Ohtani 
e t a l . , 1975, 1977). All t he se observa t ions sugges t the possible 
in terference of thionins with fermentat ion of mashes made out of 
ungerminated cerea ls . Additionally, Lopez-Braña and Hernandez-Lucas 
(1984) have demonstra ted tha t thionins are only part ial ly degraded 
during early germination and malting, and that the remaining levéis 
are also potentially inhibitory. 
PROSPECTS FOR MANIPULATION IN PLANT BREEDING 
The available distribution data for this protein family suggests 
that it might be ubiquitous. If this is proved to be so, the poten-
tial of thionin genes as targets for manipulation in the breeding of 
disease resistance would depend on the specificity of natural and 
artificial variants, as well as in our ability to express them under 
different developmental and environmental situations, and in differ-
ent compartments, e tc . Data in Table 1 suggest that at least some 
degree of specif ic i ty might be associated with different genetic 
variants, but this matter merits further investigation. 
Tobacco plants carrying genes encoding wheat and barley thionins 
have been already obtained in our laboratory and in that of L. 
Wi l lmi tze r (Ber l in) , using d i f f e r e n t c o n s t i t u t i v e and inducible 
promoters. These plants should serve as models to test some of the 
possible applications. 
ACKNOWLEDGEMENTS 
We thank R. Blasco for computer work, D. Lamoneda and J. García 
for technical assistance, and the Fundación Ramón Areces for support 
of our current work on the subject of this review. 
REFERENCES 
BALLS, A.K., HALE, W.S. and HARRIS, T.H. (1942a) A crystalline 
protein obtained from a lipoprotein of wheat flour. Cereal Chem. 
19:279-288. 
BALLS, A.K., HALE, W.S. and HARRIS, T.H. (1942b) Further observations 
on a crystalline wheat protein. Cereal Chem. 19:840-844. 
BALLS, A.K. and HARRIS, T.H. (1944) The inhibitory effect of a 
protamine from wheat flour on the fermentation of wheat mashes. 
Cereal Chem. 21:74-79. 
BEKES, F. and LASZTITY, R. (1981) Isolation and determination of 
a mino acid sequence of avenothionin, a new puro thionin analogue from 
oat. Cereal Chem. 58:360-361. 
BÓHLMANN, H. and APEL, K. (1987) Isolation and characterization of 
cDNAs coding for l ea f - spec i f i c thionins closely r e l a t ed to the 
endosperm-specific hordothionin of barley (Hordeum vulgare L.). Mol. 
Gen. Genet. 207:446-454. 
BoHLMANN, H., CLAUSEN, S., BEHNKE, S., GIESE, H., HILLER, C , 
REIMANN-PHILIPP, U., SCHRADER, G., BARKHOLT, V. and APEL, K. (1988) 
L e a f - s p e c i f i c t h i o n i n s of ba r l ey - a novel c l a s s of c e l l wal l 
proteins toxic to plant-pathogenic fungi and possibly involved in the 
defense mechanism of plants. EMBO J. 7:1559-1565. 
BRÜNGER, A.T., CAMPBELL, R.L., CLORE, G.M., GRONENBORN, A.G., 
KARPLUS, M., PETSKO, G.A. and TEETER, M.M. (1987) Solution of a 
protein crystal strueture with a model obtained from NMR interproton 
distance restraints. Science 235:1049-1053. 
BRÜNGER, A.T., CLORE, G.M., GRONENBORN, A.M. and KARPLUS, M. (1986) 
Three-d imens iona l s t r u e t u r e of p ro te ins de te rmined by molecular 
d y n a m i c s wi th i n t e r p r o t o n d i s t a n c e r e s t r a i n t s : a p p l i c a t i o n t o 
crambin. Proc. Nati. Acad. Sci. USA 83:3801-3805. 
BUCHANAN, B.B., WOLOSIUK, R.A., SCHURMANN, P. (1979) Thioredoxin and 
enzyme regulation. TIBS 4:93-96. 
CARBONERO, P. and GARCÍA-OLMEDO, F. (1969) Purothionin in Aegilops-
Tritieum spp. Experientia 25:1110. 
CARBONERO, P., GARCÍA-OLMEDO, F. and HERNANDEZ-LUCAS, C. (1980) 
External association of hordothionin with protein bodies in mature 
barley. J . Agrie. Food Chem. 28:399-402. 
CARBONERO, P., GARCÍA-OLMEDO, F., HERNANDEZ-LUCAS, C. and FERNANDEZ 
DE CALEYA, R. (1978) Genet ic control of purothionins in wheat: 
problems of the aneuploid analysis when searching for regulatory 
genes. In: Ramanujam, S. (ed.) Proc. 5th Int. Wheat Genet. Symp.. 
Indian Soc. Gene t . and P lan t Breeding, New Delhi, pp. 455-463. 
CARRASCO, L., VÁZQUEZ, D., HERNANDEZ-LUCAS, C , CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1981) Thionins: plant pept ides t ha t modify 
membrane permeability in eultured mammalian cells. Eur. J. Bioehem. 
116:185-189. 
CLORE, G.M., BRÜNGER, A.T., KARPLUS, M. and GRONENBORN, A.M. (1986a) 
A p p l i c a t i o n of m o l e c u l a r d y n a m i c s wi th i n t e r p r o t o n d i s t a n c e 
r e s t r a in t s to three-dimensional protein s t rue tu re de terminat ion . A 
model study of crambin. J. Mol. Biol. 191:523-551. 
CLORE, G.M., NILGES, M., SUKUMARAN, D.K., BRÜNGER, A.T., KARPLUS, M. 
and GRONENBORN, A.M. (1986b) The three-dimensional strueture of 
a - 1 - p u r o t h i o n i n in so lu t ion : combined use of n u c l e a r magne t ic 
resonance, distance geometry and restrained molecular dynamics. EMBO 
J. 5:2729-2735. 
CLORE, G.M., SUKUMARAN, D.K., GRONENBORN, A.M., TEETER. M.M., 
WHITLOW, M. and JONES, B.L. (1987) Nuclear magnetic resonance study 
of the solution s t rue tu re of a-1-purothionin. Sequential resonance 
a s s i g n m e n t , s e c o n d a r y s t r u e t u r e and low r e s o l u t i o n t e r t i a r y 
strueture. J . Mol. Biol. 193:571-578. 
COULSON, E.J., HARRIS, T.H. and AXELROD, B. (1942) Effeet on small 
laboratory animáis of the injeetion of the crystalline hydrochloride 
of a sulfur protein from wheat flour. Cereal Chem. 19:301-307. 
DALEY, L.S. and THERIOT, L.J. (1987) Electrophoretic analysis, redox 
a c t i v i t y , and o t h e r e h a r a c t e r i s t i c s of p r o t e i n s s i m i l a r t o 
purothionins from tomato (Lycopersicum esculenta), mango (Mangifera 
indica), papaya (Carica papaya), and walnut (Juglans regia). J . 
Agrie. Food Chem. 35:680-687. 
DE MARCO, A., LECOMTE, J.T.J. and LLINAS, M.(1981) Solvent and 
t e m p e r a t u r e e f f e c t s on c r a m b i n , a h y d r o p h o b i c p r o t e i n , a s 
i n v e s t i g a t e d by p r o t ó n m a g n e t i c r e s o n a n c e . Eur . J . B ioehem. 
119:483-490. 
FENG, D.-F. and DOOLITTLE, R.F. (1987) Progressive sequence alignment 
as a p r e r e q u i s i t e to c o r r e c t p h y l o g e n e t i c t r e e s . J . Mol. Evol. 
25:351-360. 
FERNANDEZ DE CALEYA, R. (1973) Caracterización química y propiedades 
antimicrobianas de purotioninas. Ph.D.Thesis Univ. Pol. de Madrid, 
España. 
FERNANDEZ DE CALEYA, R., GONZÁLEZ-PASCUAL, B„ GARCÍA-OLMEDO, F. and 
CARBONERO, P. (1972) Susceptibility of phytopathogenic bacteria to 
wheat purothionins in vitro. Appl. Microbiol. 23:998-1000. 
FERNANDEZ DE CALEYA, R., HERNANDEZ-LUCAS, C , CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1976) Gene expression in alloploids: genetic 
control of lipopurothionins in wheat. Genetics 83:687-699. 
FISHER, N. (1970) Gel f i l t ra t ion of l ipid-protein complexes on 
cross-linked polystyrene. J. Chromatog. 47: 501-502. 
F ISHER,N. (1976) L i p i d - p r o t e i n complexes of f lour . P e r s o n a l 
communication. 
FISHER, N.,REDMAN, D.G. and ELTON, G.A.H. (1968) Fractionation and 
characterization of purothionin. Cereal Chem. 45:48-57. 
GARCÍA-OLMEDO, F., CARBONERO, P., HERNANDEZ-LUCAS, C , PAZ-ARES, J., 
PONZ, F. , VICENTE, O. and SIERRA, J.M. (1983) Inhibition of 
e u k a r y o t i c c e l l - f r e e pro te in synthes is by thionins from wheat 
endosperm. Biochim. Biophys. Acta 740:52-56 
GARCÍA-OLMEDO, F., CARBONERO, P. and JONES, B.L. (1982) Chromosomal 
locations of genes that control wheat endosperm proteins. Adv. Cereal 
Science & Technol. 5:1-47. 
GARCÍA-OLMEDO, F., CARBONERO, P., SALCEDO, G., ARAGONCILLO, C , 
HERNANDEZ-LUCAS, C , PAZ-ARES, J. and PONZ, F. (1984) Chromosomal 
locat ion and expression of genes encoding low molecular weight 
proteins in wheat and related species. Kulturpflanze 32:21-32. 
GARCÍA-OLMEDO, F. , SOTELO, I. and GARCIA-FAURE, R. (1968) 
Ident i f icac ión de productos de Triticum aestivum en las pas tas 
alimenticias. IV. Lipoproteínas solubles en éter de petróleo. Anales 
Inst. Nac. Invest. Agro. 17:433-443. 
GAUSING, K. (1987) Thionin genes specifically expressed in barley 
leaves. Planta 171:241-246. 
HASE, T., MATSUBARA, H. and YOSHIZUMI, H. (1978) Disulfide bonds of 
purothionin, a lethal toxin for yeasts. J. Biochem. 83:1671-1678. 
HENDRICKSON, W.A. and TEETER, M.M. (1981) Structure of the 
hydrophobíc protein crambin determined directly from the anomalous 
scattering of sulphur. Nature 290:107-113. 
HERNANDEZ-LUCAS, C , CARBONERO, P. and GARCÍA-OLMEDO, F. (1978) 
Identification and purification of a purothionin homologue from rye 
(Sécale cereale L.). J. Agrie. Food Chem. 26:794-796. 
HERNANDEZ-LUCAS, C, FERNANDEZ DE CALEYA, R. and CARBONERO, P. (1974) 
Inhibition of brewer's yeasts by wheat purothionins. Appl. Microbiol. 
28:165-168. 
HERNANDEZ-LUCAS, C , FERNANDEZ DE CALEYA, R., CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1977a) Reconstitution of petroleum ether soluble 
wheat lipopurothionin by binding of digalactosyl diglyceride to the 
chloroform-soluble form. J. Agr. Food Chem. 25:1287-1289. 
HERNANDEZ-LUCAS, C , FERNANDEZ DE CALEYA, R., CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1977b) Control of galactosyl diglycerides in wheat 
endosperm by group 5 chromosomes. Genetics 85:521-527. 
HERNANDEZ-LUCAS, C , ROYO, J., PAZ-ARES, J„ PONZ, F., GARCÍA-OLMEDO, 
F. and CARBONERO, P. (1986) Polyadenylation site heterogeneity in 
mRNA encoding the precursor of the barley toxin a-hordothionin. FEBS 
Lett. 200:103-105 
HOSENEY, R.C., POMERANZ, Y., HUBBARD, J.D. and FINNEY, K.F. (1971) 
Petroleum ether-soluble l ipoprotein of barley flour. Cereal Chem. 
48:223-229. 
ISLAM, A.K.M.R., SHEPHERD, K.W. and SPARROW, D.H.B. (1975) Addition 
of individual barley chromosomes to wheat. In: Garching, H.G. (ed.) 
Proc. 3rd Int. Barley Genet. Symp., Verlag Karl Thiernig, Munchen, 
pp. 260-270. 
JOHNSON, T.C., WADA, K., BUCHANAN, B.B. and HOLMGREN, A. (1987) 
Reduction of purothionin by the wheat seed thioredoxin system. Plant 
Physiol. 85:446-451. 
JONES, B.L. and COOPER, D.B.(1980) Purification and characterization 
of a corn (Zea mays) protein similar to purothionins. J . Agrie. Food 
Chem. 28:904-908. 
JONES, B.L., LOOKHART, G.L., MAK, A. and COOPER, D.B. (1982) Sequence 
of pu ro th ion ins and the i r i nhe r i t ance in diploid, t e t r a p l o i d and 
hexaploid wheats. J. Heredity 73:143-144. 
JONES, B.L. and MAK, A.S. (1977) Amino acid sequences of the two 
ot-purothionins of hexaploid wheat. Cereal Chem. 54:511-523. 
JONES, B.L. and MAK, A.S. (1983) The amino-acid sequence of a 
purothionin from Triticum monocoecum, a diploid wheat . Eur. J . 
Biochem. 133:621-625. 
JONES, B.L. and MEREDITH, P. (1982) Inactivation of alpha-amylase 
activity by purothionins. Cereal Chem. 59:321. 
KONOPA, J., WOYNAROWSKY, J.M. and LEWANDOWSKA-GUMIENIAK, M. (1980) 
Isolation of Viscotoxins. Cytotoxic basic polypeptides from Viscum 
álbum L. Hoppe-Seyler's Z. Physiol. Chem. 361:1525-1533. 
KONZAK, C.F. (1977) Genetic control of the eontent , amino acid 
composit ion and processing proper t ies of prote ins in wheat . Adv. 
Genet. 19:407-582. 
KRAMER, K.J., JONES, B.L., SPEIRS, R.D., KLASSEN, L.W. and KAMMER, 
A.E. (1979) Toxicity of purothionin and its homologues to the tobáceo 
hornworm, Manduca sexta (L.) (Lepidoptera: Sphingidae). Toxicol. 
Appl. Pharmacol. 48:179-183. 
LAMERICHS, R.M.J.N., BERLINER, L.J., BOELENS, R., DE MARCO, A., 
LLINAS, M. and KAPTEIN, R. (1988) Secondary structure and hydrogen 
bonding of crambin in solution. A two-dimensional NMR study. Eur. J. 
Biochem. 171:307-312. 
LECOMTE, J .T . J . and LLINAS, M. (1984a) Character izat ion of the 
aromatic protón magnetic resonance spectrum of crambin. Biochemistry 
23:4799-4807. 
LECOMTE, J.T.J. and LLINAS, M. (1984b) *H-NMR Spectral patterns of 
r a p i d l y f l ipp ing t y r o s y l r i n g s : a s tudy of c r amb in in o rgan ic 
solvents. J. Am. Chem. Soc. 106: 2741-2748. 
LECOMTE, J.T.J., DE MARCO, A. and LLINAS, M. (1982a) Analysis of the 
methyl 1H-NMR spectrum of crambin, a hydrophobic protein. Biochim. 
Biophys. Acta 703:223-230. 
LECOMTE, J.T.J., JONES, B.L. and LLINAS, M. (1982b) Protón magnetic 
resonance studies of barley and wheat thionins: structural homology 
with crambin. Biochemistry 21:4843-4849. 
LECOMTE, J.T.J., KAPLAN, D., LLINAS, M„ THUNBERG, E. and SAMUELSSON, 
G. (1987) Protón magnetic resonance characterization of phoratoxins 
and h o m o l o g o u s p r o t e i n s r e l a t e d t o c r a m b i n . B i o c h e m i s t r y 
26:1187-1194. 
LI, W.H., WU, CH.I. and LUO, CH.CH. (1985) A new method for 
e s t i m a t i n g synonymous and nonsynonymous r a t e s of n u c l e o t i d e 
subs t i tu t ion consider ing the re la t ive likelihood of nucleot ide and 
codon ehanges. Mol. Biol. Evol. 2:150-174. 
LLINAS, M., DE MARCO, A. and LECÓMTE, J.T.J. (1980) Protón magnetic 
resonance study of crambin, a hyperstable hydrophobic protein, at 250 
and 600 MHz. Biochemistry 19:1140-1145. 
LOPEZ-BRANA, I. and HERNANDEZ-LUCAS, C. (1984) Persistencia de la 
hordotionina en cebada (Hordeum vulgare) germinada y en malta. Rev. 
Agroquim. Tecnol. Aliment. 24:533-537. 
MAK, A.S. (1975) Studies of the primary structures of purothionins 
and pu ro th ion in - l i ke p ro te in from c e r e a l s . Ph.D.Thesis Univ. of 
Manitoba, Winnipeg. 
MAK, A.S. and JONES, B.L. (1976) The amino acid sequence of wheat 
a-purothionin. Can. J . Biochem. 54:835-842. 
MELLSTRAND, S.T. (1974) Phora tox in , a toxic protein from the 
m i s t l e t o e Phoradendron tomentosum subsp. macrophyllum 
(Loranthaceae). Acta Pharm. Suec. 11:410-412. 
MELLSTRAND, S.T. and SAMUELSSON, G. (1973) Phoratoxin, a toxic 
p r o t e i n f rom t h e m i s t l e t o e Phoradendron tomentosum s u b s p . 
macrophyllum (Loranthaceae). Improvements in the isolation procedure 
and further studies on the properties. Eur. J . Biochem. 32:143-147. 
MELLSTRAND, S.T. and SAMUELSSON, G. (1974) Phoratoxin, a toxic 
p r o t e i n f rom t h e m i s t l e t o e Phoradendron tomentosum s u b s p . 
macrophyllum (Loranthaceae). The amino acid sequence. Acta Pharm. 
Suec. 11:347-360. 
MORRISON, W.R., WYLIE, L.J. and LAW, C.N. (1984) The effect of group 
5 chromosomes on the free and total galactosyldiglycerides in wheat 
endosperm. J. Cereal Sci. 2:145-152. 
MORRISON, W.R., LAW, C.N., WYLIE, L.J., COVENTRY. A.M. and SEEKINGS, 
J. (1989) The effect of group 5 chromosomes on the free polar lipids 
and breadmaking quality of wheat. J. Cereal Sci. (in press). 
NAKANISHI, T., YOSHIZUMI, H., TAHARA, S., HAKURA, A. and TOYOSHIMA, 
K. (1979) Cytotoxicity of purothionin-A on various animal cells. Gann 
70:323-326. 
NIMMO, C.C. , KASARDA, D.D. and LEW, E.J-L. (1974) Physical 
c h a r a c t e r i s a t i o n of the wheat p ro te in puroth ionin . J . Sci . Food 
Agrie. 25:607-617. 
NIMMO, C.C., 0'SULLIVAN,M.T. and BERNARDIN, J.E. (1968) The relation 
of a "globulin" component of wheat flour to purothionin. Cereal Chem. 
45:28-36. 
NOSE, Y. and ICHIKAWA, M. (1968) Studies on the effeets of flour 
extract on baker's yeast. J . Ferment. Technol. 46:915-925. 
OHTANI, S., OKADA, T., KAGAMI/AMA, H. and YOSHIZUMI, H. (1975) The 
amino acid sequence of purotníonin A, a lethal toxic protein for 
brewer's yeasts from wheat. Agr. Biol. Chem. 39:2269-2270. 
OHTANI, S., OKADA, T., YOSHIZUMI, H. and KAGAMIYAMA, H. (1977) 
Complete pr imary s t ruc tu res of two subuníts of purothionin A, a 
l e t h a l p ro te in for brewer ' s yeast from wheat flour. J . Biochem. 
82:753-767. 
OKADA, T. and YOSHIZUMI, H. (1970) A lethal toxic substance for 
brewing yeast in wheat and barley. II. Isolation and some properties 
of toxic principie. Agr. Biol. Chem. 34:1089-1094. 
OKADA, T. and YOSHIZUMI, H. (1973) The mode of action of toxic 
pro te in in wheat and barley on brewing yeas t . Agr. Biol. Chem. 
37:2289-2294. 
OKADA, T., YOSHIZUMI, H. and TERASHIMA, Y. (1970) A lethal toxic 
substance for brewing yeast in wheat and barley. I. Assay of toxicity 
on var ious g ra ins , and sens i t i v i t y of various yeas t s t r a ins . Agr. 
Biol. Chem. 34:1084-1088. 
OLSNES, S., STIRPE, F., SANDVIG, K. and PIHL, A. (1982) Isolation and 
charac ter iza t ion of viscumin, a toxic leet in from Viscum álbum L. 
(mistletoe). J . Biol. Chem. 257: 13263-13270. 
OZAKI, Y., WADA, K., HASE, T., MATSUBARA, H., NAKANISHI, T. and 
YOSHIZUMI, H. (1980) Amino acid sequence of a purothionin homologue 
from barley flour. J . Biochem. 87: 549-555. 
POMERANZ, Y. (1971) Composition and functionality of wheat flour. In: 
P o m e r a n z , Y. (ed.) Wheat c h e m i s t r y and t echnology , Amer ican 
Association of Cereal Chemists, St. Paul Min., USA, pp. 585-650. 
PONZ, F., HERNANDEZ-LUCAS, C , CARBONERO, P. and GARCÍA-OLMEDO, F. 
(1984) Lipid-binding protein from the endosperms of wheat and oats. 
Phytoehemistry 23:2179-2181. 
PONZ, F., PAZ-ARES, J., HERNANDEZ-LUCAS, C , CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1983) Synthes is and processing of thionin 
precursors in developing endosperm from barley (Hordeum vulgare L.). 
EMBO J. 2:1035-1040. 
PONZ, F., PAZ-ARES, J., HERNANDEZ-LUCAS, C , GARCÍA-OLMEDO, F. and 
CARBONERO, P. (1986) Cloning and nucleotide sequence of a cDNA 
encoding the precursor of the barley toxin a-hordothionin. Eur. J . 
Biochem. 156:131-135. 
PRENDERGAST, F.G., HAMPTON, P.D. and JONES, B. (1974) Characteristics 
of t y r o s i n a t e f l u o r e s c e n c e e m i s s i o n in a - and $ - p u r o t h i o n i n s . 
Biochemistry 23:6690-6697. 
REDMAN, D.G. and FISHER, N. (1968) Fractionation and comparison of 
purothionin and globulin components of wheat. J . Sci. Food Agrie. 
19:651-655. 
REDMAN, D.G. and FISHER, N. (1969) Purothionin analogues from barley 
flour. J . Sci. Food Agrie. 20:427-432 
RODRIGUEZ-PALENZUELA, P., PINTOR-TORO, J.A., CARBONERO, P. and 
GARCÍA-OLMEDO, F. (1988) Nucleotide sequence and endosperm-specific 
expression of the s t r u c t u r a l gene for the toxin a-hordothionin in 
barley (Hordeum vulgare L.). Gene 70:271-281. 
SAMUELSSON. G. (1961) Phytochemical and pharmacological studies on 
Viscum álbum L. Swedish J. Pharm. 19:481-494. 
SAMUELSSON, G. (1966) Chromatography of Viscotoxin and oxidized 
Viscotoxin on phosphate cellulose. Acta Chem. Scand. 20:1546-1554. 
SAMUELSSON, G. (1974) Mistletoe toxins. Syst. Zool. 22: 566-569. 
SAMUELSSON, G. and JAYAWARDENE, A.L. (1974) Isolation and 
c h a r a c t e r i z a t i o n of v i s c o t o x i n Í P s from Viscum álbum L. ssp . 
austriacum (Wiesb.) Vollmann, growing on Pinus silvestris. A c t a 
Pharm. Suec. 11:175-184. 
SAMUELSSON, G. and PETTERSSON, B. (1970) Separation of Viscotoxins 
from the European mis t l e toe , Viscum álbum L. (Loranthaceae) by 
c h r o m a t o g r a p h y on s u l f o e t h y l S e p h a d e x . A c t a C h e m . S c a n d . 
24:2751-2756. 
SAMUELSSON,G. and PETTERSSON, B. (1971a) The disulfide bonds of 
Visco tox in A3 from t h e European m i s t l e t o e (Viscum álbum L., 
Loranthaceae). Acta Chem. Scand. 25:2048-2054. 
SAMUELSSON, G. and PETTERSSON, B.M. (1971b) The amino acid sequence 
of Viscotoxin B from t h e European mis t le toe (Viscum álbum L., 
Loranthaceae). Eur. J . Biochem. 21: 86-89. 
SAMUELSSON, G. and PETTERSSON, B. (1977) Toxic proteins from the 
mist le toe Dendrophtora clavata. II. The amino acid sequence of 
denclatoxin B. Acta Pharm. Suec. 14: 245-254. 
SAMUELSSON, G., SEGER, L. and OLSON, T. (1968) The amino acid 
sequence of oxidized Viscotoxin A3 from the European mist letoe 
(Viscum álbum L., Loranthaceae). Acta Chem. Scand. 22:2624-2642. 
SANCHEZ-MONGE, R., DELIBES, A., HERNANDEZ-LUCAS, C , CARBONERO, P. 
and GARCÍA-OLMEDO, F. (1979) Homoeologous chromosomal location of the 
genes encoding thionins in wheat and rye . Theor. Appl. Gene t . 
54:61-63. 
SEARS, E.R. (1954) The aneuploids of common wheat. Mo. Agr. Exp. Sta. 
Res. Bull 572:1-58 
SEARS, E.R. (1966) Nullisomic-tetrasomic combinations in hexaploid 
wheats. In: Riley, R. and Lewis, K.R. (eds.) Chromosome Manipulation 
and Plant Genetics, Olewis & Boyd London, pp. 29-45. 
STUART, L.S. and HARRIS, T.H. (1942) Bactericidal and fungicidal 
proper t ies of a crystalline protein isolated from unbleached wheat 
flour. Cereal Chem. 19:288-300. 
TAHARA, S., HAKURA, A., TOYOSHIMA, K., NAKANISHI, T. and YOSHIZUMI, 
H. (1979) A new method for titration of murine leukaemia virus using 
purothionin A. Virology 94:470-473. 
TEETER, M.M. (1984) Water s t ructure of a hydrophobic protein at 
atomic resolution: pentagon rings of water molecules in crystals of 
crambin. Proc. Nati. Acad. Sci. USA 81:6014-6018. 
TEETER, M.M. and HENDRICKSON, W.A. (1979) Highly ordered crystals of 
the plant seed protein crambin. J. Mol. Biol. 127:219-223. 
TEETER, M.M., MAZER, J .A. and L'ITALIEN, J . J . (1981) Primary 
s t r u c t u r e of the hydrophobic plant protein crambin. Biochemistry 
20:5437-5443. 
THUNBERG, E. (1983) Phoratoxin B, a toxic protein from the mistletoe 
Phoradendron tomentosum subsp. macrophyllum. Acta Pharm. Suec. 
20:115-122. 
THUNBERG, E. and SAMUELSSON, G. (1982) The amino acid sequence of 
ligatoxin A, from the mistletoe Phoradendron liga. Acta Pharm. Suec. 
19:447-456. 
VAN ETTEN, C.H., NIELSEN, H.C. and PETERS, J.E. (1965) A crystalline 
polypeptide from the seed of Crambe abyssinioa. Phytochemistry 
4:467-473. 
VERMEULEN, J.A.W.H., LAMERICHS, R.M.J.N., BERLINER, L.J., DE MARCO, 
A., LLINAS, M., BOELENS, R., ALLEMAN, J. and KAPTEIN, R. (1987) 
^•H-NMR c h a r a c t e r i z a t i o n of two c rambin s p e c i e s . FEBS L e t t . 
219:426-430. 
VERNON, L.P., EVETT, G.E., ZEIKUS, R.D. and GRAY, W.R. (1985) A toxic 
thionin from Pyrularia púbera: purification, propert ies, and amino 
acid sequence. Arch. Biochem. Biophys. 238: 18-29. 
WADA, K. and BUCHANAN, B.B. (1981) Purothionin: a seed protein with 
thioredoxin activity. FEBS Lett. 124:237-240. 
WADA, K., OZAKI, Y., MATSUBARA, H. and YOSHIZUMI, H. (1982) Studies 
on purothionin by chemical modifications. J. Biochem. 91:257-263. 
WALLACE, B.A., KOHL, N. and TEETER, M.M. (1984) Crambin in 
p h o s p h o l i p i d v e s i c l e s : c i r c u l a r d i c h r o i s m ana ly s i s of c r y s t a l 
structure relevance. Proc. Nati. Acad. Sci. USA 81:1406-1410. 
WHITLOW, M. and TEETER, M.M. (1985) Energy minimization for tertiary 
s t r u c t u r e predie t ion of homologous p ro te ins : a-purothionin and 
viscotoxin A3 models from crambin. J . Biochem. S t ruc t . Dynam. 
2:831-848. 
WILLIAMS, R.W. and TEETER, M.M. (1984) Raman speetroscopy of 
homologous plant toxins: crambin and a l - and 3-purothionin secondary 
s t r u c t u r e s , d i s u l f i d e conf o r m a t i o n , and t y r o s i n e e n v i r o n m e n t . 
Biochemistry 23:6796-6802. 
WINTERFELD, V.K. and BUL, L.H. (1949) Viscotoxin , ein neuer 
Inhaltsstoff der Mistel (Viscum álbum L.). Justus Liebigs Annalen der 
Chemie 561:107-115 
WOOLLEY, D.W. and KRAMPITZ, L.O. (1942) Reversal by phosphatides of 
t h e a n t i m i c r o b i a l ac t ion of a c rys ta l l ine p ro te in from whea t . J . 
Biol. Chem. 146:273-274. 
WOYNAROWSKI, J.M. and KONOPA, J . (1980) Interaction between DNA and 
Visco tox ins . C y t o t o x i c bas ic p o l y p e p t i d e s from Viscum álbum L. 
Hoppe-Seyler's Z. Physiol. Chem. 361:1535-1545. 
